Settlement of the embankment dams are among the major damages caused by earthquakes, eventually leading to dam instability. Therefore, accurate assessment of the seismic settlement of embankment dams is of particular concern. This study aims to evaluate the settlement of embankment dams subjected to earthquake loads using regression-based methods. A wideranging real data on crest settlement of embankment dams caused by earthquakes was analyzed.
Notation

1-Introduction
Inaccurate assessment of the behavior of the embankment dams subjected to seismic vibrations caused by earthquakes can lead to catastrophic damages. The pseudo-static method, sliding block method, and numerical methods are common techniques to estimate seismic deformations of embankment dams [1] . Newmark [2] proposed the sliding block method as the first approach for evaluation of the earthquake induced deformations of soil slopes. In this method, the sliding mass was considered as a rigid block, so that an input acceleration (caused by the earthquake) greater than the yield acceleration forces the block to move [3] . Makdisi and Seed [4] modified the sliding block model and considered the response acceleration of the sliding mass as the input acceleration. They then used this acceleration to calculate the displacements.
The behavior of embankment dams under earthquake shaking has been studied by many researchers [5] [6] [7] [8] [9] [10] [11] [12] [13] . Park and Kim [14] and Kim et al.
[15] using physical modeling and conducting centrifuge experiments investigated the behavior of rockfill dams subjected to earthquake loads. Based on the seismic deformations in different embankment dams under earthquake vibrations, Singh and co-workers [16, 17] showed that the yield acceleration of the dam and the maximum earthquake acceleration are among the most important parameters affecting the seismic behavior of embankment dams. They also resulted that the effect of vertical component of earthquake acceleration is negligible in assessing the behavior of dams.
Accurate assessment of the behavior of embankment dams under various loads is among the important issues to be considered in the initial design of these large structures. Therefore, estimating the settlement of embankment dams subjected to earthquake shaking requires accurate models. [32] , and collapse potential of compacted soils [33] .
In recent years, the SVR-based models have been able to offer accurate assessments regarding the geotechnical problems (e.g., [34] [35] [36] [37] ). The phenomena related to soil environments as well as the earthquake-induced loadings are highly complex [38] [39] [40] .
Therefore, employing advanced computational methods in estimation of the behavior of embankment dams subjected to earthquake shaking can be the effective step towards reducing the uncertainties in predicting seismic behaviors and subsequently safe designing of dams.
In this study, a large set of seismic crest settlements of different embankment dams was collected and analyzed. The most important parameters affecting the earthquake induced crest settlement were determined. The support vector regression method as well as multiple linear regression method were used to develop the models for prediction of seismic settlement of embankment dams. Subsequently, sensitivity analysis was conducted in order to investigate 1) the behavior of the proposed models under different conditions and 2) the effect of different parameters on the crest settlements caused by earthquake loading. Finally, the proposed models were compared with existing relationship for estimation of earthquake induced crest settlement of embankment dams.
2-Case histories
In the present study, a comprehensive data of crest settlements of embankment dams subjected to past earthquakes in different parts of the world was collected. [41] . In this study, the yield acceleration ratio (a y /a max ), fundamental period ratio (T d /T p ), and earthquake magnitude (M w ) were considered as the most important parameters affecting the crest settlement of embankment dams. The detailed characteristics of database are presented in Table A1 .
3-Support vector regression framework
The support vector machine (SVM) has been derived from the machine learning theory proposed by Vapnik [42] . The SVM was initially used to classify data, but its algorithm was then developed further to solve regression problems and predict time series [43] .
Assume an experimental dataset {(x 1 , y 1 ), …, (x n , y n )} in an n-dimensional space, where x and y denote the input values ( ) and output values ( ), respectively. In the SVM based regression model, the objective is to approximate the y i values using the function f(x), such that the error is minimized [43] :
where b and w represent bias and weight vector, respectively. In order to find the values of w and b, an empirical risk is defined as follows:
where C>0 controls the error of deviation higher than ε, and In the support vector regression (SVR), the ultimate goal is to minimize empirical risk.
Therefore, a ε-insensitive loss function has been proposed by Vapnik [45] : insensitive function equal to zero. Any data located outside this region will penalized with respect to its distance from the support vector [43] . This distance is referred to as violation and denoted by λ. In 2-dimensional space can write:
, 0
This problem, in a dual space, is expressed as follows:
where n sv is the number of support vectors, and * are the Lagrange coefficients, and ( , ) is the kernel function [46] . In nonlinear spaces, the radial basis function (RBF) [47] offers more acceptable results compared to other functions [48] . Therefore, in this study, the RBF kernel was used as follows:
The training procedure used 75 percent of the collected dataset, and the remaining 25 percent was used to validate the performance of the SVR-based model. The training and validation data were selected such that the statistical parameters of both categories were as close as possible. Numerous runs were carried out with various initial settings and the performance of the developed SVR-based models was analyzed for each run. Consequently, the optimal parameters employed in the proposed model (Table 2) were selected.
In order to assess the performance of developed models, the coefficient of determination, R 2 , mean absolute error, MAE, and root mean squared error, RMSE, [19] between the measured and predicted S/H were checked.
4-Results
4-1-MLR-based model
In this study, using gathered data ( 
where the earthquake induced crest settlement ratio of embankment dam (S/H) was developed on the basis of yield acceleration ratio (a y /a max ), fundamental period ratio (T d /T p ), and earthquake magnitude (M w ), respectively.
Comparison between the measured and predicted crest settlement values using the MLR model (Eq. 8) is demonstrated in Fig. 2 . The values of R 2 , MAE, and RMSE for the MLRbased model, which was developed to assess the seismic crest settlement of embankment dams, were 0.898, 1.746, and 2.305, respectively.
4-2-SVR-based model
In the present study, many support vector regression (SVR) based models were investigated by applying different initial parameter values. Ultimately, based on the calculated error parameters, the model with the highest accuracy was selected to predict the crest settlement of embankment dams subjected to earthquake loads. 
5-Sensitivity analysis
Sensitivity analysis was carried out to investigate 1) the effect of each influential parameter on the crest settlement of embankment dams subjected to seismic vibrations, and 2) the consistency of the proposed model obtained using soft computations with the real case histories under different conditions. To this end, the effect of changes in each of the input parameters (i.e., M w , a y /a max and T d /T p ) on the seismic settlement of the crest of embankment dams was investigated, such that the other parameters were fixed at the average value in the dataset ( Table 1 ). (Fig. 7) . Generally, comparing the variations trend of S/H ratio with the real results recorded in the past earthquakes, it can be concluded that the proposed MLR-and SVR-based models have appropriate performance.
6-Comparison with Swaisgood [49]'s relationship
The relationship proposed by Swaisgood [49] is used to preliminary assessment of the crest settlement of embankment dams under earthquake shaking. Based on the collected information from 69 different dams, Swaisgood [49] proposed Eq. (9) to estimate the earthquake induced crest settlement ratio of embankment dams: max 0.01exp(6.07 0.57 8)
In the Eq. (9), for calculation of H, the thickness of the alluvial layer is also taken into account. However, in many cases where information on the thickness of the alluvial layer was not available, its value was set to the height of the dam [49] . In this study, the thickness of the alluvial layer was also considered in Swaisgood [49] 's relationship for the cases that the detailed information about deposits below embankment dam was available.
The comparison between the proposed MLR-and SVR-based models with the Swaisgood [49] 's relationship is demonstrated in Fig. 8 . As depicted in Fig. (8) , the relationship proposed by Swaisgood [49] underestimates the earthquake induced crest settlement ratio (S/H) of embankment dams compared to the real values. Moreover, the accuracy of the relationship (Eq. 9) decreased by increasing the S/H ratio (Fig. 8) . The comparison presented in Fig. 8 indicates the appropriate accuracy of the proposed regressive models to predict the seismic crest settlement of embankment dams. The correlation coefficient, R 2 , mean absolute error, MAE, and root mean square error, RMSE, for the proposed models and available relationship are presented in Table 3 . The statistical indexes (Table 3) The complexity of the geotechnical earthquake engineering problems causes that the available models are incapable of accurately reflecting all the factors affecting the earthquake induced settlement of embankment dams. However, note that the available models are still commonly used in the initial designs. Hence, employing computational methods can be as a worthy step to reduce the uncertainties in estimating the deformation of embankment dams under earthquake vibrations.
7-Summary and conclusions
Evaluating behavior of dams under earthquake vibrations is of great significance. Therefore, the present study attempted to predict the earthquake induced crest settlement of embankment Captions: Table 1 . Statistical parameters of database used in the present study Table 2 . Values of the parameters of proposed SVR-based model Table 3 . Statistical parameters of various models Table A1 . Summary of datasets used to develop SVR based models 
